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ABSTRACT: Elucidating the connection between shape and properties is a
challenging but essential task for a rational design of nanoparticles at the atomic
level. As a paradigmatic example we investigate how geometry can inﬂuence the
magnetic properties of nanoparticles, focusing in particular on platinum clusters of
1−2 nm in size. Through ﬁrst-principle calculations, we have found that the total
magnetization depends strongly on the local atomic arrangements. This is due to a
contraction of the nearest neighbor distance together with an elongation of the
second nearest neighbor distance, resulting in an interatomic partial charge
transfer from the atoms lying on the subsurface layer (donors) toward the vertexes
(acceptors).
KEYWORDS: Platinum, nanoclusters, magnetism, deformation, geometry
The great scientiﬁc and technological advances inassembling better electrical, catalytic, magnetic, and
optical devices have stimulated intensive research at the
nanoscale, where small and ﬁnite size metallic nanoparticles
(mNP) oﬀer the natural building blocks for a bottom-up-
approach.1−5 The process of designing and tailoring mNP
beneﬁts from the knowledge of how certain physical properties
or chemical activities depend on the size and shape of the
nanoparticle itself. This is a highly nontrivial endeavor due to
the strong dependence of the electronic structure on the
interatomic distances, which are highly distorted especially in
noncrystallographic geometries.6,7 For example, it has recently
been shown that some catalytic activity can be rationalized in
terms of a generalized coordination number which depends on
the local atomic geometrical order up to the second nearest
neighbor (NN) distance.8 Similarly, it would be of great
technological interest to provide a geometrical interpretation of
the appearance and enhancement of magnetism in mNP.
Indeed, the challenge in the magnetic component industry is to
design and assemble metallic nanostructures with controlled
geometry maximizing the packing density and manipulating
their mutual magnetic interaction, e.g., through doping with
natural magnets as Fe and Co.9 Looking at the magnetic
properties of transition metal nanosystems, it has been realized
that partially occupied and energetically degenerate d-orbitals
retain to some extent their atomic character.10 This can lead to
high magnetic moments even in nonmagnetic bulk species,
such as Au, Pd, and Pt due to a nonuniform spin distribution in
the clusters.10−28 Some of these results are interpreted starting
from a theory of “super-atom” where the cluster shows some of
the physical properties of its components.10 However, this
model can be successfully applied only to relatively small
clusters, below the nanometer diameter, and does not explain
the behavior observed in larger clusters where there is still only
a single magnetic domain. At the same time, the standard
approach to ferro-magnetism based on the coexistence of
diﬀerent magnetic domains and their mutual alignment can
only be applied to particles larger than 100 nm.29
As platinum oﬀers a quite unique feature, namely, it is
nonmagnetic in bulk and magnetic at the nanoscale, we have
focused our attention on Pt clusters in a wide size diameter
range between 1 and 2 nm. The appearance of a magnetic order
in Pt nanoparticles has been addressed in recent experiments.
In superconducting quantum interference device experiments,
the magnetic properties of Pt nanoparticles synthesized by wet-
chemistry techniques have been observed to depend strongly
on the morphology where branched nanosystems are
ferromagnetic, whereas spherical symmetry induces para-
magnetism.25,30 Breaking symmetry and inducing charge
transfer enhance the total magnetic moment: This is the case
of surfactants in comparison with amino-coated Pt nanoma-
terials, where the charge transfer is less eﬃcient.17,23
Deliberately introducing certain geometrical deformations in
Pt nanowires should be considered as a further fundamental
approach devoted to manipulate and tune the magnetic
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behavior in Pt nanosystems.31,32 Finally, recent experiments in
atomic Pt contacts show pronounced magnetic conductance
depending on their atomic conﬁgurations.33
From a theoretical point of view, extensive numerical
simulations based on density functional theory (DFT) have
been performed to understand the magnetic nature of Pt thin
ﬁlms34,35 and nanowires, where the appearance of ferro-
magnetism has been predicted only for certain structures.36,37
Nonetheless, only a few studies have been carried out on free Pt
nanoparticles. In particular, magnetism in Pt nanoclusters has
only been associated with partially ﬁlled d-states.38 At the same
time, the geometrical distortions characteristic of a ﬁnite nano-
object can lead to a shift between minority and majority spin
bands, and thus less coordinated sites may show a higher
magnetic moment.39,40 Indeed, what is the contribution of
surface, vertex, and core atoms and how an enhancement of the
magnetism in Pt clusters is associated with geometrical factors
have never been addressed from an atomistic point of view.
Using Pt clusters as our playground, we here show that the
ﬁnite magnetic moment of mNP is related to the geometrical
features of the nanoparticle itself. We observe that each cluster
does present ferro-magnetism and that highly symmetric
icosahedral conﬁgurations usually return the largest magnetic
moment, especially for the larger sizes under consideration
here. We associate this observation to (a) a minority spin
charge moves from the subvertexes to their vertexes due to a
strong contraction of their bond length and (b) the ability of
the vertexes to retain these extra spins in the majority spin
channel due to a slightly elongated second NN distance within
the surface shell with respect to their bulk values. Finally, we are
able to relate the diﬀerences among morphologies to the
second nearest neighbor distances around each vertex, with a
contraction only toward atoms on a (100). Magnetic depletion
(e.g., Pt147 crystallographic cuboctahedra) is possible and it is
related to a diﬀerent contraction/elongation of the ﬁrst and
second NN bond lengths to deviations from the bulk value that
are propagating up to the second NN distances.
The magnetic behavior of PtN, where N is the total number
of atoms in the cluster, is calculated using a plane-wave code
based on density functional theory included in the Quantum
ESPRESSO package41 where all the conﬁgurations are ionically
relaxed using the Broyden−Fletcher−Goldfarb−Shann’s pro-
cedure and the total magnetic moments are obtained
performing unrestricted local spin-polarized simulations. (See
Supporting Information for details about the parameters used
in the calculations.) Furthermore, our analysis is not restricted
to the magic sizes of icosahedral (Ih), decahedral (Dh), and
cuboctahedra (CO) shapes, corresponding to 13, 55, 147, and
309 atoms of the above polyhedra, but it includes: uncompleted
and polyicosahedral shapes at 38 and 76 atoms, since they have
been found to be promising structural motifs for CoPt
systems;42 the Marks twinning of decahedra at 39 and 75
atoms, and a FCC motif at 76 atoms which corresponds to an
incomplete octahedron at 85 atoms with a stacking fault and
cuts to obtain (100) facets. (See Supporting Information for
examples of all the structures considered here.)
The calculated macroscopic magnetism of the considered Pt
morphologies is shown in Figure 1, as the atomic averaged total
magnetization (aTM) plotted versus size. For the sake of
comparison, the dimer and the bulk values are added as
reference points. A ferromagnetic ordering is always observed
in each nanomorphology, as shown in Figure 1 for the CO, Ih,
and Dh arrangements at 55 atoms. In the Supporting
Information, we have included a ﬁgure with the cross section
of a Ih147 to help visualizing its shell structure. For the CO
system, top panel of Figure 1, the averaged total magnetic
moment presents a ﬂat region at 0.15−0.20 μB/atom between
38 and 309 atoms, with an unexpected dip at 147 atoms.
Decahedra peak in their aTM at 55 atoms with 0.25 μB/atom
and then slowly decay to the asymptotic bulk para-magnetism.
On the other hand, for Ih patterns the averaged total magnetic
moment tops around 150 atoms after an almost constant
behavior at smaller sizes. To test the generality of our analysis,
we have examined diﬀerent initial starting magnetizations. For
simplicity, most of the calculations started with a ferromagnetic
initial states. At the same time, an antiferromagnetic ordering,
where the core atoms had magnetization opposite with respect
to the shell and subshell atoms has been used as initial
conﬁguration. After full electron relaxation, the ground state has
been found to be ferromagnetic again. For a more systematic
analysis of spin restricted calculations for Pt13 with diﬀerent
structural motifs has been reported elsewhere.43 We have also
performed noncollinear calculations for clusters at 13 and 55
atoms. We have observed that once fully relaxed, a
ferromagnetic order emerges, and the spins are essentially
aligned. Although running a full noncollinear calculation at
larger sizes is for us computational unfeasible, we do not expect
the scenario to change signiﬁcantly.
The appearance of the magnetic behavior in mNP can be
rationalized in terms of two contributions: an intra- and an
interatomic charge transfer (Heisenberg exchange). The intra-
atomic charge transfer is induced by an intraband splitting
around the Fermi energy between majority and minority
populations. The interatomic contribution stems from the
charge transfer between adjacent atoms from the minority band
of the donor to the majority band of the acceptor. At the same
time, minority electrons can transfer from the acceptor to the
majority band of the donors, therefore increasing the overall
atomic polarization. Mohn suggested that a further majority/
minority band splitting can be originated by a strong distortion
of the second nearest neighbor distances with respect to their
Figure 1. Atomic averaged magnetization, aTM, in μB/atom as a
function of size N2/3. The dimer and bulk values are included for
comparison. Each point is also labeled according to the total number
of atoms in the cluster. Top panel CO and FCC-like structures; middle
panel Dh; bottom Ih. The aTM is calculated as the total
magnetization, Mtot, divided by the total number of atoms, N, i.e.,
aTM = Mtot/N = ∫ n↑(r) − n↓(r)dr/N, where the integral runs over all
space, while n↑(r) and n↓(r) are the electron charge densities for spin
up and spin down, respectively. For each of the investigated clusters
we have provided an example of the structure with 55 atoms.
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bulk value.40 Here, we demonstrate that the ferromagnetic
behavior, high aTM values, in Pt nanoparticles arises from the
interatomic charge transfer between vertexes lying on
consecutive shells, and therefore is strongly inﬂuenced by the
local geometry. The ﬁnite and high atomic polarization (AP),
averaged over atoms at equivalent sites, is not uniquely
associated with atoms with a low coordination number (surface
atoms), but instead it peaks at the subsurface, and only in a
couple of case surface atoms show a similar AP.
To quantify the relationship between the local environment
and magnetic properties, atomic charges are computed
performing a Bader analysis44,45 over the total as well as the
majority and minority spin charge densities. In this way, we
have been able to estimate the intra- and interatomic charge
transfers in terms of the total atomic charge loss (CLT) and AP
obtained as the diﬀerence between the majority and minority
spin charge losses, (CL↑, CL↓), AP = CL↑ − CL↓. The total and
minority charge losses as well as AP are reported in Figure 2 as
a function of the radial distance from the center of mass of the
clusters dcom, for CO, and Ih, respectively. The same quantities
for the Dh cluster family are reported in the Supporting
Information. A ﬁnite AP due to an intra-atomic charge transfer
would imply a vanishing CLT = 0 because no charge is
transferred between atoms. The observation of a ﬁnite CLT
implies that the interatomic charge transfer contribution is the
most eﬀective in Pt nanoparticles. Indeed, we show how the
subvertexes play an important role in the distribution of the
local magnetism and that there is a net charge transfer from the
subshell to the outermost shell as depicted in Figure 3. We
would like to comment that the total charge transferred per
atom per shell, in the external shell is about constant, around
0.03−0.04 electron per shell per atom. Obviously, the amount
of electrons per atom transferred from the subshell decreases
with increasing the size of the cluster.
Let us give a closer look at how the local environment
inﬂuences the interatomic charge transfer. From the smallest
sizes, but where three shells could be drawn as shown in Figure
3, the subvertexes are found to act as donors (negative CLT, see
red dots in Figure 2) of partial charge and this charge exchange
is generally observed to be carried out by the minority
population. On the other hand, vertexes tend to act as
acceptors (positive CLT) with the majority band accommodat-
ing mostly of the received charge (CL↓ is negligible). The
interatomic charge transfer toward the innermost shells seems
to be more complicated but is still substantially dominated by
the subsurface atomic behavior. Ih clusters, independently of
their size, show a quite clear behavior both in the AP and CLs;
see Figure 2b. The subshell is highly polarized with a net charge
transfer toward the vertexes of the cluster, leading to a
Figure 2. AP (triangle), total CLT (circle), and minority CL↓ (diamond) charge losses plotted against the radial distance, dcom for (a) CO and (b) Ih
shapes at various sizes up to 309 atoms. The symbol color indicates: red = subsurface, green = other atoms. In the snapshots, atoms are colored
according to their AP in temperature gradient as shown at the right. The quantities showed here have been derived in the following way: CL↓ = aB
↓ −
eS
↓ (CL↑ = aB
↑ − eS↑), CLT = aB − eS ≡ CL↑ + CL↓, and AP = CL↑ − CL↓, where eS = 10 and eS↓ = eS↑ = 5 are the total and partial valence electrons in the
nonmagnetic bulk, aB and aB
↓ (aB
↑) are the total and partial atomic charges calculated via the Bader analysis, respectively.
Figure 3. Total charge transfer (in electron per shell) between
neighboring shells. A similar behavior is observed in all of the
nanoparticles considered.
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signiﬁcant magnetization. The CO shape instead shows a more
varied behavior; see Figure 2a. For CO55 and CO309 there is a
peak of AP in the subshell and some remnant AP at the
vertexes; also charge is transferred from the core and subshells
to the surface. At both sizes there is a similar magnetization per
atom. For CO147, on the other hand, the AP is almost vanishing
for each shell, and more signiﬁcantly the magnetization
essentially disappears. We should add that, in all our
calculations, we observe a discrepancy as tiny as a small
fraction of a Bohr magneton per atom between the total and
absolute magnetization, the latter being deﬁned as ∫ |n↑(r) −
n↓(r)|dr. We attribute these diﬀerences to negligible numerical
ﬂuctuations in the spin densities. Hence, the changes of the
total magnetization among morphologies and sizes cannot be
associated with the appearance of regions with opposite
magnetization.
To understand how the magnetization depends on the local
geometry, we have investigated the distance distribution of ﬁrst
and second nearest neighbors of each vertex and subvertex, as
illustrated in Figure 4. In panel b of Figure 4, for Pt147 and Pt309
and all of the considered geometrical motifs, we tabulate the
relative distortion with respect to the bulk lattice parameter of
the average bond length between vertex and subvertex;
subvertex and subsub-vertex (core); the average ﬁrst NN
distances around vertex and subvertex, respectively; the average
distance between vertex and its second neighbors lying on the
subshell, on the (111) and, if it is the case, on (100) facets,
respectively. For the decahedral shapes, characterized by two
nonequivalent vertexes, one lying on a 5-fold axes and the other
shared by (100)/(111) facets, we report the range of possible
values. All of the geometries exhibit a contraction of the ﬁrst
NN distance with respect to the bulk value. We observe a
stronger compression along the radial direction core−
subvertex−vertex (labeled SV and V in Figure 4, respectively),
than in the intrashell directions. A high aTM is observed in all
the clusters having a large discrepancy between the radial and
intrashell contractions of the ﬁrst shell of neighbors. This
justiﬁes the retention by the vertexes of the extra charge likely
in the majority spin population, which is at the origin of a ﬁnite
magnetic moment. A further look at the CO147 reveals that the
intrashell and the intershell separations are indeed equally
shortened with respect to their bulk value. These similar
distortions result in the inability of the vertexes to retain the
extra charge, reducing the eﬀective magnetism in CO147 as
reported in Figure 2. Quantitatively, the vanishing aTM is
justiﬁed by the fact that for CO147, CL
↑ ≃ CL↓ (as can be seen
from Figure 2) and AP ≃ 0. Moreover, the second NN
distances between vertex and (111) facet atoms are always
elongated, leading to a reduction of the intrashell charge
transfer. This eﬀect can further enhance the majority/minority
band splitting. On the other hand, in CO and Dh, it is partially
compensated because the bond-length of vertexes with their
second neighbors lying on (100) facets is contracted.
To summarize, spin-polarized density functional simulations
are carried out to calculate the total magnetization of
crystallographic and noncrystallographic Pt nanoparticles for
sizes up to 309 atoms. It is observed that an enhanced
magnetism appears especially for large (above 100 atoms)
icosahedral Pt clusters, while in cuboctahedra and FCC-like the
average magnetization has an almost ﬂat behavior from 36 to
309 atoms (with the notable exception of 147) and in
decahedral it peaks at small sizes and then rapidly decreases.
Through a Bader estimate of the eﬀective atomic charges, we
have found that the atomic magnetic properties of PtN, where N
is the number of the atoms in the cluster, are ruled mainly by an
Heisenberg interatomic contribution as the total charge loss is
not vanishing. This eﬀect is related to a net charge transfer
between subvertexes (donors) and vertexes (acceptors), and it
is strongly inﬂuenced by the local geometrical environment
associated, in particular, with the contraction of the intershell
distance between the two uppermost layers and the elongation
of the second nearest neighbor distances between vertexes and
(111) atoms. The presence of (100) facets seems instead to
reduce the ability of the vertexes to retain the extra charge.
Although an extension across the periodic table is beyond the
scope of this paper, we believe that the role of subvertexes as
donors, vertexes as acceptors, and the appearance of an
interatomic charge transfer from the sub- toward the outer-shell
to be generic as due to contraction/elongation of ﬁrst and
second neighbor distances and the presence of (100) facets. We
hope that this work will boost further experimental and
theoretical investigations aimed at showing how the morphol-
ogy might inﬂuence the physical properties at the nanoscale.
Figure 4. (a) Schematic network of NN average distance of vertex (V)
and subvertex (SV). Double arrows stand for atoms lying on diﬀerent
shells, while single arrow refers to atoms lying on the same shell.
Schematic second NN network around V: toward (111) surface atoms,
common for both Ih and CO; atoms belonging to (100) facets, only
for CO. Also shown is a color code to easily identify the nature of the
arrow. (b) Taking the DFT bulk lattice parameter as reference, the
Table reports the relative distortion of the ﬁrst NN distances: core−
SV, SV−V, V-intrashell, SV-intrashell; and the second NN distances:
V-sub shell (SS), V-(111), and V-(100) for the considered shapes at
147 and 309 atoms. A positive (negative) value corresponds to a
contraction (elongation).
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